Polysaccharides synthesized by Agrobacterium tumefaciens and Rhizobium meliloti have been shown to play a role in the interactions of these bacteria with plants (3, 14, 19, 20) . Rhizobium spp. form nitrogen-fixing nodules on legumes, while A. tumefaciens induces crown gall tumors on a broad range of dicotyledonous plants. Both genera belong to the family Rhizobiaceae, and aside from their associative properties, they resemble each other in most respects. Both A. tumefaciens and R. meliloti synthesize a neutral or partially substituted cyclic 3(1-2)glucan (6) . A. tumefaciens strains unable to synthesize or excrete this glucan do not attach normally to plant cells (4, 16, 28, 35) . The genes involved in the synthesis and excretion of 3(1-2)glucan are in both cases chromosomal and are homologous and functionally interchangeable between the two genera (9) . One of them, chvB (ndvB in R. meliloti), codes for a 235-kilodalton (kDa) inner membrane protein which is a protein-glucan intermediate in , (1) (2) glucan synthesis (14, 33, 35, 36) . The other, chvA (ndvA in R. meliloti), is not required for glucan synthesis but is involved in the secretion or release of the cyclic polysaccharide into the periplasm and extracellular medium (4, 16) . The predicted amino acid sequences of the ChvA and NdvA proteins are homologous to those of other bacterial and eucaryotic export proteins (4, 29) .
Both A. tumefaciens and R. meliloti also synthesize an identical capsular exopolysaccharide (succinoglycan), and most of the genes involved in this synthesis are functionally interchangeable between the two genera (3). Succinoglycan consists of repeating units of p-linked glucose and galactose, with acidic substitutions (15) . A large number of mutants (exo mutants) in both genera which are deficient in succinoglycan synthesis have been obtained and assigned to several genetic complementation groups (3, 20) . The exo mutations inactivate the ability of R. meliloti to effectively nodulate alfalfa but do not affect crown gall tumor formation by A. tumefaciens.
One exo locus, exoC (also termed pscA) (23) , is required for plant interactions by both genera (3, 20, 23) . Mutations in this locus result in the inability to synthesize either P(1-2)glucan or succinoglycan, explaining the requirement for a functional exoC in A. tumefaciens as well as in R. meliloti. At least in the case of R. meliloti, exoC mutants also synthesize an abnormal lipopolysaccharide (19) . Moreover, A. tumefaciens exoC mutants are nonmotile (3) .
We present here evidence that exoC mutants lack phosphoglucomutase (EC 2.7.5.1), which carries out one step in the biosynthesis of UDP-glucose, a substrate in the biosynthesis of P(1-2)glucan, succinoglycan, and the saccharide portion of lipopolysaccharide. Other steps in the pathway for ,(1-2)glucan synthesis appear to be intact in these mutants.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used in this study are listed in Table 1 . Bacterial strains were grown in Luria broth at 28°C. When required, media were supplemented with chloramphenicol (20 ,ug/ml) and neomycin (100 ,ug/ml). Transconjugants were obtained by the triparental mating procedure with Escherichia coli(pRK2073) as the helper plasmid (21) . Luria agar plates containing 0.02% Cellufluor White (Polysciences, Inc., Warrington, Pa.) were used for the detection of the Exo phenotype (11, 24) . Cellufluor White-Luria medium supplemented with galactose (0.2%) or galactose plus glucose (0.2%) and M9 minimal liquid medium (22) (14) .
Isolation of cellular 0(1-2)glucan. Cells from 100-ml cultures were extracted with trichloroacetic acid as described previously (25) . Total as well as extracellular P(1-2)glucan. As shown previously (3, 19, 23) , the mutants produced no detectable extracellular polysaccharide of any type. Plasmid pFC6251 restored the synthesis of succinoglycan to levels comparable to those in the wild-type strain.
In vitro synthesis of 0(1-2)glucan. The inability of exoC mutants to synthesize ,B(1-2)glucan may have been due to a block in the transfer of glucose from UDP-glucose to the glucan or in an earlier step. To discern these possibilities, we tested the ability of purified inner membranes from exoC mutants to synthesize ,B(1-2)glucan in vitro in the presence of exogenously added UDP-glucose. Mutant inner membranes were active in the in vitro synthesis of 1(1-2) ['4C]glucan from UDP-['4C]glucose (Table 2) , although prolonged incubation (data not shown) or chase conditions (Table 2) were needed. This glucan was eluted from a Bio-Gel P4 column at the same position as was wild-type P(1-2)glucan (Fig. 1) .
Moreover, no degradation of the glucan was observed after treatment with Glusulase; it was previously reported that Glusulase digested only linear glucans (34) . Thus, mutant inner membranes were active in vitro in the formation of a cyclic P(1-2)glucan which was indistinguishable from that synthesized by the wild-type strain.
Presence Fig. 2A) . Figure 2B and ( Table 2) . Chase experiments under previously described conditions (20 min with 2 mM UDP-glucose) (36) DISCUSSION We have demonstrated that A. tumefaciens exoC mutants are unable to synthesize UDP-glucose in vitro from glucose or glucose 6-phosphate. However, the synthesis of UDPglucose occurred when glucose 1-phosphate was supplied as the substrate. These results indicate that in the mutants, the enzyme phosphoglucomutase (EC 2.7.5.1) is inactive or is missing (Fig. 3) . This enzyme catalyzes the reaction glucose 1-phosphate glucose 6-phosphate. It has been purified from different sources and requires glucose 1,6-biphosphate as a cofactor (18, 26) . UDP-glucose is an intermediate in the synthesis of succinoglycan and P(1-2)glucan, both of which are absent in the mutants (3, 19) . R. meliloti exoC mutants are also defective in the saccharide component of lipopolysaccharide (19) , which contains glucose and galactose (32) . Presumably, A. tumefaciens exoC mutants also have this defect. The inability to synthesize UDP-glucose because of a lack of phosphoglucomutase activity could account for all of the known defects in polysaccharide synthesis by exoC mutants.
The inability of A. tumefaciens exoC mutants to attach to plant cells and form tumors is probably due to their inability to synthesize cyclic ,(1-2)glucan (3). Inner membranes from exoC mutants incubated with UDP-['4C]glucose formed normal cyclic ,B(1-2)glucan in vitro. Thus, when the intermediate (UDP-glucose) is supplied, glucan synthesis proceeds and the mutation does not appear to have an effect. This hypothesis is consistent with the proposal that a block at the level of phosphoglucomutase and not at a later step in glucan synthesis is the biochemical basis for the inability of the mutants to synthesize 3(1-2)glucan. Whether the mutants have defects in later steps in the biosynthesis of other polysaccharides and whether these defects are relevant to tumorigenesis remain to be determined. Our data do not indicate whether exoC is the structural gene for phosphoglucomutase or is required indirectly (perhaps as a positive regulator) for the expression of phosphoglucomutase activity.
The metabolic pathway shown in Fig. 3 (1, 31) . The EmbdenMeyerhof-Parnas pathway has been proposed to be nonfunctional, and the key enzyme phosphofructokinase (EC 2.7.1.11) has been proposed to be nonactive (1) or to have very low activity (31) . Under our assay conditions, the formation of fructose 6-phosphate and fructose 1,6-biphosphate was detected, indicating that this enzyme is present.
Apart from phosphoglucomutase activity, the only other biochemical difference we observed between wild-type and exoC mutant strains was in the labeling of the 235-kDa protein-glucan intermediate. radioactivity decreased upon a chase with nonlabeled UDPglucose, it remained higher than in the wild type. The simplest interpretation for these results is that the 235-kDa protein from the mutant is free of nascent glucan chains because of the lack of UDP-glucose. When UDP-glucose was added in vitro, the reaction proceeded with no isotope dilution with preformed (1-2)glucan chains, resulting in higher radioactivity on the protein. One explanation for the results obtained after the chase is that the innermost portion of the glucan linked to the protein may not cycle during synthesis, which would result in a nonchase percentage of the radioactivity on the protein from exoC mutants. Further work will be required to firmly establish this possibility. It is interesting that A. tumefaciens exoC mutants, which we characterized as lacking phosphoglucomutase activity, are not motile (3) . pgm mutants of Bacillus licheniformis have also been reported to be nonmotile (10) . Like exoC mutants, chvB mutants are defective in B(1-2)glucan synthesis (8, 14) and are nonmotile. These results suggest that there may be a relationship between this polysaccharide and motility in A. tumefaciens. We cannot rule out the possibility that the lack of a glucan in B. licheniformis may also affect motility.
